When precipitation, runoff, and snowmelt percolate into soil and overload existing drainage infrastructure, the water table around building foundations can rise and infiltrate through cracks and joints. When infiltration exceeds sump pump capabilities, standing water and residual dampness can corrode or ruin fixtures, equipment, and stored supplies, also promoting mold growth that can make workers ill. The conventional solution-trenching and installing drainage tiles-is expensive, disruptive, and often ineffective. This paper documents the development and demonstration of a patented electro-osmotic dewatering technology that works with outdoor wells and pumps to lower the water table around subgrade structures, thereby reducing or eliminating damage to building contents and the subgrade structure.
INTRODUCTION
Water intrusion is a very common problem for Department of Defense (DoD) and Army building managers and maintainers. When water percolates down into soil and accumulates around a subgrade structure, such as a basement or underground bunker, it will attempt to reach a pressure equilibrium by finding a path through the structure, either flowing through cracks, holes, or joints; or by infiltration through porous construction materials. During periods of heavy rain or snow-melt runoff, large volumes of water can seep through the subgrade portions of walls and floors in concrete structures, damaging or destroying the structure's contents, corroding metal fixtures and equipment, and rotting wood. Water intrusion also corrodes the steel reinforcement in the concrete, degrading the facility's Paper No. 0218_0314_000008 structural integrity. High interior moisture resulting from water intrusion also nurtures the rapid growth of mold and mildew, producing poor air quality that can cause respiratory distress or disease in personnel working near these spaces.
In locations predominantly consisting of expansive clay soils, groundwater and water intrusion can create additional structural problems. Wetting/drying cycles of expansive clays impose excessive loading on subgrade walls and floors, creating stresses that can crack foundation walls and slabs. The resulting damage will increase maintenance and repair requirements and costs, possibly including the need to replace the waterproofing membranes that were installed at construction time.
Preventing water intrusion into basements and other subgrade structures is a centuries old issue for engineers. The most common method is a waterproofing membrane installed on the outside of the below-grade portion of the structure. However, these membranes can be damaged during construction, and any resulting leaks cannot be easily repaired.
Sump pumps can remove standing water from a basement, but they do not keep water out of the building. They are subject to failure under heavy use and often cannot prevent the accumulation of standing water during the wettest seasons.
The conventional solution for existing problem structures-trenching and installing drainage tiles-is labor-intensive, time-consuming, disruptive to facility operations, and subject to failure. This solution also may become ineffective over time as a result of local changes in runoff and drainage patterns due to new construction of pavements or other facilities. Instead of working directly on the building or the adjacent landscape, the Army could benefit from the application of less-intrusive technologies to divert or remove water from soil in the immediate vicinity of the building.
In 2006 the U.S. Army Engineer Research and Development Center (ERDC) patented an innovative electro-osmotic method and system for de-watering soils and other particulate materials. (1) It applies the well-known phenomenon of electro-osmotic flow to a specialized design that arranges an anode and cathode vertically within in a single well to extract moisture from surrounding soil. The DoD Corrosion Prevention and Control Program funded the Construction Engineering Research Laboratory (ERDC-CERL) to demonstrate and validate this technology as an effective and economical method for removing underground water from the immediate vicinity of an existing Army facility.
The objective of this project was to design, demonstrate, and validate the patented Intelligent Single-Well ElectroOsmotic Dewatering (ISWEOD) system in a field implementation to reduce the groundwater level near a building subject to destructive subgrade water intrusion. A project overview is presented in this paper, a complete description of the project is available in an ERDC-CERL technical report. (2)
TECHNICAL INVESTIGATION

Technology Overview
The ISWEOD system design consists of a number of small, individual water-extraction wells that operate on principles of electro-osmotic flow. Electro-osmosis is the movement of a fluid though a porous medium, driven by an external electric field. The flow is initiated by the movement of positively charged ions (i.e., cations) present in the pore fluid of the medium; the water surrounding the cations moves with them. (3) The wells are installed around the building perimeter using methods similar to boring post holes into the ground, and the design requires no building modifications. Each well uses a pair of primary electrodes fastened outside a vertical polyvinyl chloride (PVC) pipe, with the anode positioned above the cathode to force water that enters the well downward. In the initial ISWEOD system concept a pair of guide electrodes are installed near the primary electrodes to help extend the electric field further from the wells in order to increase the influence of the electro-osmotic field. In this implementation of the system the guide electrodes did not increase the system effectiveness and were replaced by redundant electrodes. Figure 1 shows a diagram of an individual well.
Figure 1 Design of the ISWEOD well
Each electrode consists of two bands of expanded titanium meshes with dimensionally stable oxide coatings, which can be seen near the middle and bottom of the well diagram. Each band is 1 in. (2.54 cm) wide and positioned 4 in. (10.16 cm) from the other. Each well contains two anodes and two cathodes, not only to help propagate the electro-osmotic current, but also to provide redundancy in case of damage to one or the other during installation or operation. The wells are installed with a cathodic protection backfill material (e.g., coke breeze) packed around the electrodes and fine sand around the well screens. A 1 ft (30.48 cm) long cement seal between the well screen sand pack and the anode zone coke fill electrically isolate the two electrodes. Bentonite chips are placed in the annulus above the anode coke zone to seal out surface water. The backfilling of an installed well is done in this order:
1. 0.5 ft (15.24 cm) of bentonite is placed at the bottom of boreholes that touch bedrock in order to isolate the well from the bedrock (not visible in Figure 1 ).
2. 1.5 ft (45.72 cm) of cathodic backfill material is placed to cover the cathode.
3. 2 ft (60.96 cm) of fine sand is placed to cover the well screen.
4. 1 ft (30.48 cm) of cement is placed to electrically isolate the area between electrodes.
5. 1 ft (30.48 cm) of cathodic backfill material is placed to cover the anode.
6. The remaining area is filled with bentonite to limit surface water intrusion.
Backfill segments on the ISWEOD well are shown in Figure 2 . Flexible polyethylene tubing, 0.5 in. (1.27 cm) diameter, is attached to the pump discharge port and routed back up near the surface and then laterally to a nearby storm drain (see Figure 1 near top left).
An instrument/power wire conduit was placed to route feed wires for the anodes and cathodes, and to house conductors for the pump electrical power and a water-level switch connected to the master controller.
Each well is equipped with a water-level control switch. When the water level rises inside a well and makes contact with the level switch, the controller turns on the pump for a preset amount of time. The volume of water moved in each pump cycle is calculated using the calibrated pump flow rate and pumping time per cycle.
Technology Demonstration
Field Work and System Installation Three sites were evaluated as potential demonstration locations: Kawakami Army Ammunition Depot, Japan; Fort Benning, GA; and Blue Grass Army Depot, KY. Blue Grass Army Depot was selected as the demonstration site because the soil composition at Kawakami and Fort Benning was not suitable for supporting electro-osmotic technology. The evaluation process is documented in (2).
The ISWEOD well system, services, and piezometric monitoring wells were installed at BGAD Building S-3 between 21 September and 9 October 2015. A piezometric well consists of a small-diameter pipe, screened at or below the water table, designed to monitor and record the water table level using piezoelectric pressure transducers mounted inside the pipe. Eight ISWEOD dewatering wells and six piezometric wells were installed.
Five ISWEOD wells were placed on the west (grassy) side of the building and three were placed on the edge of the parking lot on the east side ( Figure 3 ). The ISWEOD well locations are indicated by yellow dots, and the six piezometric well locations are indicated by orange dots.
Figure 3 ISWEOD and piezometric well locations at BGAD Building S-3
One reference piezometric well, PZ-BG, was installed approximately 30 ft (9.1 m) west of the ISWEOD system on the west side of the building to provide background (i.e., benchmark) water-table data beyond the influence of the ISWEOD wells (see Figure 3 ). Because the topology of the area indicates that water flows west to east across the site, both above and below the grade, the PZ-BG well is located "upstream" from the ISWEOD system.
The installation began with the boring of the ISWEOD and piezometer holes using an air-rotary drilling rig ( Figure  4 ). The ISWEOD holes were drilled using an 8 in. (20.32 cm) bit. The boreholes were drilled to a depth of 12 ft. (3.7 m) or bedrock refusal. (All three of the east-side boreholes reached bedrock). The preassembled ISWEOD wells were immediately installed, and the holes were backfilled as described in this section.
Figure 4 Drilling rig
The piezometer holes were drilled with a 4.5 in. (11.43 cm) bit. The piezometer wells were constructed of 5 ft (1.5 m) lengths of 1 in. (2.54 cm) diameter PVC well screen with 7 ft (2.1 m) of riser. To promote hydraulic connectivity (water transfer) the piezometer holes were backfilled with 6 ft (1.8 m) of fine sand. The rest of the hole was filled with bentonite to prohibit surface water infiltration. Finally, piezoelectric pressure transducers were installed in each well.
Installation of the ISWEOD and piezometer wells are shown in Figure 5 and Figure 6 . Installation of supporting elements is shown in Figure 7 . Each well required installation of anode and cathode lead wires, conductors for pump electrical power, conductors for a water-level sensor, and a pump water discharge line. Once the ISWEOD and piezometer wells were in place, a fiberglass vault (splice box) was cemented to the top of each PVC well pipe and set flush with the ground surface (see Figure 7) . The vaults accommodate electrical and pump connections and access to the wells, and these are laid out to avoid interfering with grounds maintenance. The vaults were interconnected with PVC conduits which contained the electrical wires. The wires were routed to the master control cabinet located in the basement of Building S-3 ( Figure 8 ). The pump discharge tubing was also buried and routed to the storm sewer (see Figure 7) .
Figure 8 Master control cabinet in basement of building S-3
The main electrical conduit on the west side entered the basement of the building through an abandoned 3 in. (7.62 cm) steel pipe. The 2.5 in. (6.35 cm) PVC conduit tightly fit inside the 3 in. (7.62 cm) pipe and required minimum sealant. On the east side of the building an abandoned water spigot and pipe were removed and the hole enlarged to accommodate the 2 in. (5.08 cm) conduit.
The ISWEOD system wiring was routed through the vaults and conduits into the master control unit cabinet, showing its contents in Figure 9 .
Figure 9 Master control cabinet in basement of building S-3.
The master control unit contains a direct current (DC) power supply for the electrodes, a 12 volt DC power supply for submersible pumps, voltage and current recorders, timers, and counters. The data are recorded and the pumps are controlled by the master control module, which is based on an OPTO 22 a industrial automation system. The master control module also copies data to an onboard micro secure digital (SD) card that can be removed and mounted to an external desktop or laptop computer. The entire control system operates on 120 volts alternating current (AC).
The anode and cathode electrodes are energized by an adjustable (0-40 volt) DC power supply. The master control module switches the power supply on and off. It can be programmed to create a pulse waveform, which has been demonstrated to increase the effectiveness of electro-osmosis. (3) The system measures and records the current on each anode.
The water collected in the ISWEOD wells is removed by the installed submersible pumps. They operate on 12 volts DC and are controlled by the master control module and level sensor.
During the demonstration period, the following data were recorded every 6 hours:
• Date and time • Cabinet temperature
• Room temperature and relative humidity As stated previously, the volume of water removed for each pump cycle is calculated from the pump flow rate and pumping time. Each well has a water-level control switch. When the water level rises and makes contact with the level switch, the control module turns on the associated pump for a preset amount of time.
The pumps on the west side of the building lift 1 liter of water each cycle, and the east-side pumps move 0.5 liters per cycle. The east-side wells are not as deep as the west ones because the bottoms are set just above the bedrock, and the water table there is already lowered because of the building foundation and sump pumps. Therefore, they pump less water per cycle and the cycles are less frequent than they are for the west-side pumps.
Operation
The system was operated at several electrode voltage levels, and performance was monitored for 11 months. Data from the master control module were downloaded monthly and evaluated.
The system was operated at 12, 24, 30, and 40 volts for various periods throughout the demonstration until shutdown on 22 November 2016. The system was operated the longest at 24 and 40 volts, with shorter periods of operation at 12 and 30 volts.
The first attempt to operate the complete system at 40 volts was not successful due to the lack of current capacity by the power supply. Near the end of the demonstration period, the east well electrodes were disconnected to allow the west wells to be operated at 40 volts until the end of the demonstration.
RESULTS AND DISCUSSION
Results
Water Table Level Comparisons   Measurements of the water table near the ISWEOD wells show a lowering of the water table level attributable Piezometer PZ-E was damaged and unusable. An individual data logger was installed in the piezometer well that is located between ISWEOD wells East 2 and East 3 on the east side of the parking lot located on the east side of building. This piezometer is designated PZ-E2. Figure 10 . The electrodes were operated at 0, 12, 24, 30 and 40 volts for various periods throughout the demonstration. The local rainfall data are also shown in the figure. Rainfall amounts b are multiplied by a factor of 10 in order to make the data visible on the plot.
ISWEOD driving voltages are shown in red in
Much of the water level data collected before March 2016 exhibit erratic readings because rainwater was leaking into the piezometric wells. The piezometers were installed under flush-mount vaults and initially vulnerable to flooding when the vault filled with water. This condition was finally corrected by sealing the tops of the piezometer wells with caps and plumbers putty in mid-March 2016.
The response to rainfall is evident. All piezometric wells show an abrupt increase in water level after a large rainfall followed by a gradual reduction.
All piezometers indicate a reduced water-table level relative to the background level measured by PZ-BG. Most of this effect is probably due to the soil and gravel fill on that side of the building, which allows quick collection and easy movement of the water near the surface. This water is then directed toward the building drainage system. The background piezometer (PZ-BG) is about 35 ft (10.7 m) from the building, the ISWEOD system and piezometer wells (PZ-W2 and PZ-W3) are about 15 ft (4.6 m) from the building, and piezometer PZ-W is 8 ft (2.4 m) from the building. The small data set from November 2015, when neither the pumps nor the electro-osmotic component of the ISWEOD system were operating, clearly indicates that the water levels decrease nearer to the building.
Even though the building's surrounding soil conditions and drainage system has a large influence on the water levels in the soil, the effect of the ISWEOD system on lowering the water levels can be observed in the data. In b Basic units of rainfall are inches, multiply by 2.54 to convert to centimeters. Figure 11 the water level data set has been zoomed in to show only the final eight months of testing. This span of time documents the period when the ISWEOD system was operating with no surface water leakage into the piezometric wells and the data set is unaffected by power interruptions that had compromised data collection during earlier months.
Figure 11 Piezometer well water levels during ISWEOD demonstration, final eight months.
From April through May 2016 the ISWEOD system driving voltage was zero, and only the ISWEOD well pumps were operating. There were several rain events during this period, but the action of the pumps alone does not appear to have much effect on the water levels. However, during the periods when the ISWEOD system driving voltage was turned on (i.e., electro-osmosis was active), the water levels around the ISWEOD wells and the building dropped slightly faster than the background level. There is not much effect at 24 volts, but it becomes noticeable at 30 and 40 volts.
The water level nearest the building on the west side, as measured by PZ-W, dropped faster when the ISWEOD system was operating and with higher driving voltages. This well is about 7 ft (2.1 m) from PZ-W3, which is between ISWEOD wells West 4 and West 5 (see Figure 3) . Note the period when the driving current is set to 40 volts. After a rainfall, the water levels rise in all piezometer wells and then fall off. The water level in well PZ-W falls faster than the water level in PZ-W3 or the level in the background well PZ-BG.
Pump Rates and Driving Voltage
The data indicate a slight dependence of pump rates on the ISWEOD driving voltage. Figure 12 shows the pump rates and ISWEOD driving voltages over the 13-month demonstration period. The wells on the west side of the building are about 15 ft (4.6 m) from the foundation and the wells on the east side are at the east edge of the parking lot (see Figure 3 ). Figure 12 . The electrodes were operated at 0, 12, 24, 30 and 40 volts for various periods throughout the demonstration. The local rainfall is also shown, again with amounts multiplied by ten in order to make the data visible on the plot.
ISWEOD driving voltages are shown in red in
Figure 12
Pumping frequency for each ISWEOD well during 13 month ISWEOD demonstration period.
The original pumps did not last for the entire demonstration period. Over the 10 months of operation, 7 of the 8 ISWEOD well pumps failed. These were relatively low-cost pumps. At three locations, the original pumps were replaced with higher-cost ones and these were found to be more reliable than the originals.
Due to the failing pumps, some of the pump cycle data were removed from the data set to avoid the inclusion of misleading, erroneous measurements. When a pump failed, the pump circuitry would call for the pump to turn on continuously and the pump cycle rates would jump significantly, so the erroneous data were ignored in the analysis. Figure 13 shows the pump rates and ISWEOD driving voltages for the final eight months of the demonstration period, and Table 1 summarizes the pump cycle data accounting only for the periods of proper operation. Wells operated with 12 volts applied for only 10 days, and this period of time was not sufficient to produce enough useable data to properly evaluate this voltage level in comparison with the other voltage levels.
Figure 13
Pumping frequency for each ISWEOD well, final eight months. When under the influence of the ISWEOD electric field, the pump rates should increase because more water is being drawn into and removed from the wells. Rates should also increase with increasing voltage.
For the pumps that were run effectively, the average pump rates for each voltage step are listed in Table 1 . The 24-volt condition shows a slight increase from the 0-volt condition but the 40-volt condition does not. This result is probably attributable to the fact that 40-volt run condition occurred during a summer/fall dry spell (see Figure 13) . The basement was dry during the dry spell because rainfall events were insignificant. In fact, during the last two months of operation (when the driving current was 40 volts) there was only one rain event amounting to barely more than 0.25 in. (0.64 cm). During this time the groundwater levels reported by all piezometers dropped to, or below, the level of the basement floor, including the background piezometer PZ-BG. Consequently, some ISWEOD wells did not record any cycles during that time.
Lessons Learned
Site Selection
The effectiveness of the ISWEOD system is very dependent on soil conditions. It functions most effectively in dense, clayey soils of low permeability that do not drain readily, and are present in large enough amounts around a structure to create infiltration problems. The site evaluated at KAAD was not suitable because soil samples showed that the soil around the ECM was very sandy, probably local backfill material consisting of volcanic rock. That type of soil cannot effectively support electro-osmotic flow. Soil sampling around the proposed Fort Benning site showed a thin clay zone 1.5-2.0 ft (45.7-152.4 cm) thick between the surface and a sandy aquifer below. The clay layer is located 8-10ft (2.4-3.0 m) below grade, and the large water problem there is likely due to the foundation penetrating the clay zone. ISWEOD technology would not work effectively in these conditions because the entire subgrade structure is not surrounded by the clay zone.
The results of the soil analysis at the BGAD site showed good subgrade clay content, and the clay layer completely surrounded the building. Therefore, the site was properly selected for this demonstration project. The disadvantage of the site was that the soil at grade on the west side of the building consisted of soil and gravel fill that allowed quick collection and easy movement of the water toward the foundation. Also, the grade on the west side of the building sloped slightly toward the building, terminating in a low spot against the foundation. These conditions directed rainwater toward the building. Such issues can been corrected with proper landscaping.
ECONOMIC SUMMARY
The projected return on investment (ROI) for this technology was computed using methods prescribed by Office of Management and Budget (OMB) Circular No. A-94, Guidelines and Discount Rates for Benefit-Cost Analysis of Federal Programs. Comparing the costs and benefits of the two alternatives (a standard basement water-removal system using sump pumps installed inside the basement versus ISWEOD ground dewatering), the 30-year return on investment is projected to be about 9.97
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
Blue Grass Army Depot Demonstration Evaluation of the data during the 13-month demonstration at BGAD shows that the system was successful when evaluated against the metrics of water table and pump rates.
Measurements of the water table in the vicinity of the ISWEOD wells show a lowering of the water table due to operation of the ISWEOD system, satisfying the first metric. Even though the building's drainage system has a large influence on the water levels in the soil, the effect of the ISWEOD system on lowering the water table level was observed in the data. During the periods when the ISWEOD system driving voltage was turned on (i.e., electroosmosis was active), the water levels around the ISWEOD wells and the building dropped slightly faster than the background level as measured beyond the direct influence of the system. Little effect was observed at the 24-volt driving current, but the effect became noticeable at 30 and 40 volts.
A slight dependence on pump rates relative to the ISWEOD driving voltage was observed in the data, satisfying the second metric. For the pumps that were run effectively, the average pump rates at the 24-volt driving condition show a slight increase from the 0-volt condition.
ISWEOD System Development
Pilot performance evaluations of the original ISWEOD design based upon the electrical and hydraulic characteristics of soil samples from Kawakami Army Ammunition Depot (KAAD), Japan showed that the system is unlikely to perform as required in that environment. (2) Based on the limited projection of the voltage field from the ISWEOD wells, it appears the electro-osmotic assistance was minimal at the pilot test locations. The preliminary design for KAAD was to have ISWEOD wells placed 24 ft (7.3 m) apart along each side of the bunker. With the effective voltage field projecting only a few inches from the well, there would be no significant electro-osmotic influence.
The original system design was modified for application at a BGAD site with expansive clay soil. Based on the increase in pump rates and the improved projection of the voltage field, it appears that the modified design adds electro-osmotic assistance to the well water removal. With the original design the best performance was 5% of the driving voltage at 1.5 ft. (45.72 cm). The performance of the revised design was 4% to 10% at 3 ft (91.44 cm) -a large improvement over the original system. The performance improvement can be attributed to increasing the electrode surface area and placing an insulator in the borehole between the anode and cathode.
The design for BGAD was to have ISWEOD wells placed 12 ft (3.7 m) apart along each side of the building. With the voltage field of the modified ISWEOD system projecting several feet from each well, effective electro-osmotic influence was expected. The electro-osmotic influence on water removal was confirmed in the demonstration, but the effect was not as great as predicted. The effectiveness of electro-osmosis is directly affected by the driving voltage applied to the electrodes, the electrode size, and the electrode spacing. All these effects were observed during ISWEOD system development. Because this was the first field demonstration of the system, these parameters were probably not optimized for the site.
Recommendations
Applicability
The modified ISWEOD system shows good potential for reducing and possibly eliminating water intrusion in many below-grade structures. Its best use will be in retrofitting an existing structure where standard repair would involve more expensive and intrusive methods such as excavation around the foundation and installation or repair of an exterior drainage system. When soil characteristics are appropriate-denser, clayey soils are better-the modified ISWEOD system will be a safe and cost-effective method of preventing water intrusion by lowering the water table surrounding the structure.
One of the most beneficial applications will be for older, overcrowded military administration buildings. Every square foot of this building space needs to be utilized cost-effectively, including the basement, in order to control facility life-cycle costs. In older buildings where basement utilization has been abandoned due to moisture-related problems, reclaiming these spaces would provide considerable benefits.
Because the ISWEOD system removes excessive water from the soil outside the basement, the resulting decrease or elimination of subgrade infiltration reduces interior humidity that can contribute to occupant health issues (e.g., mold allergies) and prevent moisture damage to equipment (e.g., corrosion) and stored materials. ISWEOD technology complements another electro-osmotic technology called electro-osmotic pulse. (3) EOP technology reduces moisture intrusion through concrete using electrodes installed in the below-grade concrete walls and floors of the building, and protrude into the adjacent soil.
Future Work
Lessons learned during the pilot and demonstration tests show several topics needing further work.
The efficacy of water removal by electro-osmosis is very dependent on the characteristics of the soil. Therefore, the range of ISWEOD system performance efficiency should be determined for common soil types with greater or lesser clay content.
A more reliable and energy-efficient pumping system should be developed. Instead of installing individual pumps in each well, a vacuum-based or a continuously operating siphon system should be investigated to reduce costs and service interruptions. A multi-head suction pump could also be considered.
The effectiveness of electro-osmotic water removal is directly affected by the driving voltage on the electrodes, the electrode size, and the electrode spacing. The optimum combination of values for these three parameters should be determined. Such a study could be performed using computer modeling to develop a design matrix.
SUMMARY
We have described the development and demonstration of an electro-osmotic dewatering technology that works with outdoor wells and pumps to lower the water table around subgrade structures, thereby reducing or eliminating damage to building contents and the sub-grade structure.
After a site-selection procedure, an optimized prototype system was installed for an administrative building. Evaluation of the data during the 13-month demonstration shows that the system was successful.
Measurements of the water table in the vicinity of the Intelligent Single-Well Electro-Osmotic Dewatering (ISWEOD) wells show a lowering of the water table due to operation of the system. Even though the building's drainage system has a large influence on the water levels in the soil, the effect of the ISWEOD system on lowering the water table level was observed in the data.
The system was able to nominally lower the water table, and electro-osmotic flow was confirmed to positively impact pumping rates. However, site-specific drainage issues allowed rainwater to bypass the system and infiltrate the basement. Given less problematic site conditions, the projected return on investment for the technology was 9.97.
